We reviewed the intraoperative anaesthetic management and outcome of seven consecutive cases of endovascular stent graft surgery for thoracic aortic aneurysms or dissections over a period of 20 months in our institution. Seven males (median age 63) underwent endovascular stent graft surgery of the thoracic aorta under general anaesthesia. Four were emergency procedures for acute dissection or leaks of thoracic aneurysms. The duration of the procedures ranged from 120 to 300 minutes. Intraoperative stent migration occurred in one patient. Induced hypotension and immobilization were critical during stent deployment. Six out of the seven patients were discharged home between three to 20 days postoperatively. There was no 30-day mortality. One patient died sixty days postoperatively. Anaemia and respiratory complications were the most common postoperative problems encountered. None of the patients sustained spinal cord ischaemia, acute myocardial infarction or renal impairment. Endovascular stent graft surgery of the thoracic aorta is a relatively new alternative to conventional open surgery. Our experience suggests satisfactory short-term outcome even for patients with acute dissection. However, long-term survival and results require further evaluation.
Endovascular stent graft surgery was first described by Parodi for repair of abdominal aortic aneurysm in 1991. Since then it has been used more frequently and its indications have expanded to include the repair of thoracic aneurysms and dissections. It is now rapidly emerging as a leading therapeutic modality for aortic dissection and aneurysms 1 . Results from initial studies are promising 2, 3, 4 . Baker has previously reported on the anaesthetic management for stent graft surgery in 100 patients, including three with thoracic aneurysm 5 . We describe the anaesthetic management of seven consecutive patients who underwent endovascular stent graft surgery of the thoracic aorta, including four patients who presented with acute dissection or aneurysm leak.
METHODS
Our institution is a 1200-bed acute care tertiary hospital with a catchment population of one million. It is the busiest emergency and trauma hospital in Singapore with about 50,000 patients admitted through its emergency department annually. After approval by the institution's research and ethics committee, we reviewed the data on all the patients who underwent endovascular stent graft surgery for thoracic aneurysm or dissection from July 2000 to March 2002. Anaesthesia records were examined and the following were noted: anaesthetic technique, use of invasive monitoring (arterial line, central venous line, pulmonary artery catheter), use of ancillary drugs or techniques for spinal cord protection (e.g. steroids, lumbar drain), the lowest haemoglobin level documented, volume of blood or fluid used, length of procedure, and outcome measured in terms of morbidity and 30-day mortality. In the patients who underwent emergency surgery, time from diagnosis of dissection to procedure was also reviewed.
Description of procedure
All the procedures were performed in a radiological suite. A team of anaesthetists and ancillary staff can be activated at short notice to perform any emergency endovascular procedures under general anaesthesia. The anaesthetic machine, equipment and drug carts are identical to that found in the main operating theatre complex to ensure familiarity and ease of use in the radiological suite. The layout of the radiological suite is shown in Figure 1 . An operating room in the main operating complex that is easily accessible from the radiological suite (via a dedicated elevator) would be placed on standby during the procedure.
Prior to the start of the operation, monitoring devices placed included an arterial catheter, electrocardiogram, urinary catheter and a triple-lumen central venous catheter (in three patients pressure ventilation using a single-lumen endotracheal tube. Anaesthesia was induced with fentanyl, and thiopentone or propofol, and maintained with isoflurane in nitrous oxide-oxygen mixture. Muscle relaxation was achieved with atracurium besylate. The main system used was Talent Thoracic Stent Graft System (Medtronic AVE, Santa Rosa, CA). A large bore arterial sheath (24-26F) was introduced into the femoral artery via an open arteriotomy. A secondary access site, if needed, was via the brachial artery. Heparin (100 U/kg) and subsequently 20 U/kg hourly were given to keep the activated clotting time twice normal. This was followed by introduction of a stent delivery catheter to the targeted landing zone (defined as the portion of the aorta distal to the left subclavian artery where blood flow to the aneurysm or dissection was excluded without blocking the major distal arteries). Once the position was confirmed with angiography or TOE, the stent was deployed. During deployment, which could last for about one minute, the systolic blood pressure was lowered to around 80 mmHg 6 . Temporary cessation of ventilation was needed during stent deployment to ensure precise stent positioning. The femoral artery was then repaired and surgery completed. Protamine sulphate was not routinely given to reverse the effects of heparin. Reversal of muscle relaxation and extubation was planned unless contraindicated. Patients were transferred to the post anaesthetic care unit before discharge to the high dependency unit or directly to the intensive care unit if indicated.
RESULTS
All seven patients were male with median age of 63 years (range 56-78 y). Four patients were classified as ASA 2, two patients were classified as ASA 3, and one patient was classified as ASA 4. Pre-existing medical conditions included hypertension in six patients (86%), ischaemic heart disease in three patients (43%), previous stroke in two patients (29%) and bronchial asthma in one patient (14%). Five patients had a history of smoking (71%). None had pre-existing neurological deficit or renal impairment. Intravenous labetolol hydrochloride infusion to control blood pressure was started preoperatively in two patients. Table 1 shows the surgical morphology, duration of procedure, and the number of stents used. Four procedures were unplanned emergencies. Patient A was known to have an existing syphilitic thoracic aneurysm as well as two small abdominal aneurysms. He presented to the hospital with malaise and lethargy and 36 hours post-admission developed hypotension with a systolic blood pressure of 80 mmHg. Leak of the thoracic aneurysm was confirmed by CT-aortogram and emergency stenting was done within one hour of diagnosis. Patient B presented with chest pain and a systolic blood pressure of 90 mmHg. He had an acute aortic dissection with haemorrhage into the left pleural cavity. Stenting was performed six hours after diagnosis. Patient C presented at the emergency department with acute haemoptysis suspicious of aorto-pulmonary fistula. Endovascular surgery was performed within four hours of diagnosis. Patient D had an urgent procedure performed for acute aortic dissection when he presented with chest pain. Three patients presented for elective surgery. Patient E had a large thoracic aneurysm, patient F had a saccular aneurysm in the descending aorta, and patient G had a descending thoracic aneurysm that showed an acute change in morphology. The average diameter of the thoracic aneurysms was 6.9 cm (range 5.0-9.5 cm). Three patients (43%) had concurrent abdominal aortic aneurysms.
The number of stents used per patient ranged from one to four. The duration of surgery ranged from 120 to 300 minutes. Patient D needed a longer operation time due to proximity of the diseased aorta to the coeliac trunk. The operation for Patient E was prolonged as a result of intra-operative distal stent migration attributed to the force of blood flow during ventricular systole as well as inadequate grip on the stent graft prosthesis. The systolic blood pressure for this patient was 100 mmHg at the time of stent deployment. Readjustment of the stent was achieved by passing a snare device via the right brachial artery through the aorta to snare the stent from proximally. Experience with this patient suggests that controlled hypotension is important in these procedures.
The average volume of intravenous fluids, including blood used per patient, was 2,260 ml (range 1,500-3250 ml). Urine output measured during the operation was normal in all the patients. The arteriotomy site was infiltrated subcutaneously with 0.5% bupivacaine at the end of operation. Agents used to induce hypotension in order to facilitate stent deployment included sodium nitroprusside in two patients, esmolol hydrochloride in three patients, and nitroglycerine in one patient. Intra-operative transoesophageal echocardiography was performed on patients B and D. Patient F had a lumbar drain inserted preoperatively as a measure to decrease the risk of neurological complications. Mannitol was given to patient E to induce diuresis where the surgery was prolonged. Intravenous fentanyl was the principal opioid used; intravenous morphine was used in one patient (3 mg of morphine in patient D). Iohexol (Omnipaque™) was the contrast medium used with an average of 100 ml per patient.
Outcome
Six out of the seven patients were extubated at the end of surgery (86%). Three patients (43%) were sent to the intensive care unit (ICU) after operation and they stayed for 40, 48 and 60 hours respectively. Three patients had an uneventful postoperative course and were discharged home on day 4. Patient A who was haemodynamically unstable remained ventilated for 48 hours. Postoperatively he had elevated liver enzymes (presumably from perioperative hypotension) that resolved spontaneously after one week. However he developed recurrent aspiration pneumonitis secondary to left vocal cord palsy resulting from chronic compression of the left recurrent laryngeal nerve by the aneurysm. A permanent tracheostomy was created to minimize further aspirations. Unfortunately, he suffered an acute cardiopulmonary arrest on the 60th day post operation. His death may or may not have been related to stent migration or recurrent aneurysm rupture but a post mortem was not performed. After surgery, patient B developed a left pleural effusion that required tube thoracocentesis before discharge on day 8. Patient E's hospital stay was prolonged as a result of a chest infection.
In addition to respiratory complications, anaemia (haemoglobin <10 g%) occurred in four patients (57%). The average volume of blood transfused was 500 ml (range 0-1,740 ml). There were no significant changes in the postoperative serum creatinine levels in the patients. No patient developed any neurological deficit on clinical examination. None of them had a perioperative myocardial infarct based on normal serial electrocardiograms and cardiac enzymes (serum creatine kinase with MB isoenzyme and serum troponin I).
DISCUSSION
Endovascular stent graft surgery of thoracic aneurysms or dissections is a relatively new alternative to conventional open surgery 7 . The anaesthetic management of open surgery of thoracic aneurysms entails high risk of morbidity and mortality related to thoracotomy, use of cardiopulmonary bypass, as well as postoperative complications including bleeding, paraplegia, stroke, renal insufficiency and need for prolonged ventilatory support 8 . By comparison, endovascular stent graft surgery is a minimally invasive procedure with very short duration of aortic occlusion resulting in much less haemodynamic and metabolic stress to the patients and leading to better postoperative recovery, earlier ambulation and hospital discharge 9 .
Endovascular stent graft surgery involves the implantation of stent-graft prosthesis across the diseased portion of the aorta to exclude blood flow into the dissection or aneurysm. Shearing forces on the aneurysmal wall would be diminished, thus preventing its rupture; and intimal tears would be sealed preventing further propagation of dissection. Anatomically, thoracic aneurysms that are suitable for stenting must have adequate proximal and distal landing zones and preferably be in the straight part of the descending aorta. Tortuous femoral or iliac arteries are a relative contraindication to stent graft surgery 8 . Overall, about 60% of patients with a descending thoracic aneurysm or dissection are eligible for endovascular surgery 10 .
The anaesthetic techniques described include general anaesthesia with controlled mechanical ventilation as well as regional or local anaesthesia. General anaesthesia is able to provide an absolutely immobile patient, which may be crucial during the time of stent graft deployment. It allows full control of the airway that may be necessary in emergency or unstable cases. It allows the use of intraoperative transoesophageal echocardiography (TOE) and the ease of inducing hypotension when needed. Endobronchial intubation can also be rapidly achieved if conversion to open surgery is needed. Other advantages include patients' comfort, especially if surgery is prolonged or when surgical iliac artery access is deemed necessary. Placement of double-lumen tubes with patients in the lateral position in preparation for thoracotomy has also been described, especially in earlier studies 4, 7 .
Avoidance of general anaesthesia may benefit patients with significant respiratory disease. Regional techniques described include single shot spinal, continuous spinal, as well as epidural anaesthesia. Use of a spinal catheter potentially allows removal of cerebrospinal fluid for spinal cord protection if necessary. There has been a suggestion of lesser pulmonary artery catheter use and shorter ICU stay in patients undergoing the procedure under regional anaesthesia 11 . Significant cerebral emboli during manipulation of the stent graft in the diseased aorta can be detected more easily in an awake patient. The risks of regional anaesthesia in patients who may be given systemic anticoagulation should be considered.
The use of the radiological suite for endovascular stent graft surgery poses additional risks to the provision of anaesthesia. Since acute aortic rupture leading to sudden and catastrophic hypotension is always a risk, ability to institute resuscitative measures and rapid access to the major operating room with bypass facilities should be considered. Large bore intravenous canulae are definitely needed and blood products should be available in the radiological suite before the start of surgery. In the event of rupture, the stent graft may have to be deployed rapidly and patient transferred to the main operating room for open surgery immediately. Cases that are deemed to carry high risk of intraoperative rupture or open conversion (based on the morphology of the diseased aorta) should not be done in the radiological suite but in the operating room with all the necessary facilities to deal with these complications. Everyone in the radiological suite must be ready to deal with open conversion or intraoperative rupture. Close coordination between the surgeon, radiologist, anaesthetists and nursing staff is crucial in the management of these cases, especially in emergent cases where time from diagnosis to treatment is critical.
Intra-arterial blood pressure monitoring allowing beat-to-beat blood pressure monitoring is useful in these patients. Induced hypotension can be achieved more precisely. Complications including hypotension from either massive blood loss or acute myocardial ischaemia can be detected earlier. Blood loss from the femoral catheter site can be insidious, thus haematocrit determined periodically from the intraarterial line can be informative. The choice of site for insertion of the arterial cannula depends on several factors. The right radial artery is most commonly used especially if the left subclavian artery may be partially obstructed by the stent during the procedure. However, the right brachial artery may occasionally be needed as a secondary access site during the procedure and this will obstruct the pressure waveform of the right radial artery. Discussion with the radiologist prior to the insertion of the arterial cannula may hence be necessary.
The use of central venous pressure (CVP) monitoring is debatable. In our series, the volume of fluid transfused ranged from 1,500 ml to 3,200 ml per patient; an average of 500 ml of blood was given to each patient. Estimated blood loss in another series of nineteen patients was 325±353 ml 12 . Hence, in uncomplicated cases, major fluid shifts will not be expected. However, CVP monitoring may be useful in emergency cases of rupture or acute dissection and in patients who are haemodynamically unstable requiring inotropes.
Controlled hypotension during stent deployment is important mainly for two reasons. Firstly, to lower the propulsive forces of systolic pressure so as to minimize distal migration of the stent, and secondly to lessen proximal hypertension that occurs during balloon inflation. The latter can potentially cause aortic rupture proximal to the stent, cerebral haemorrhage or sudden increase in myocardial afterload leading to myocardial injury 13 . For the system used in our centre, a systolic blood pressure of 80 mmHg was adequate 6 . The risks and benefits of profound hypotension must be evaluated in each patient. Various means of decreasing blood pressure include increasing anaesthetic depth, use of beta-blockers, nitroglycerine, or sodium nitroprusside 14 . Short acting beta-blockers like esmolol hydrochloride allow for rapidly decreasing the blood pressure without causing reflex tachycardia that may be seen with the other agents. Novel techniques described include transient cardiac asystole induced with high dose adenosine or adenosine triphosphate 15, 16 . However the duration of action can be unpredictable and sinus rhythm may return before completion of device deployment 17 . Temporary ventricular fibrillation by passing an AC current to the endocardial surface via a transvenous pacing electrode has also been used 17 .
Intraoperative TOE is increasingly being used together with fluoroscopy and angiography to aid in the positioning of the stent graft prosthesis. TOE is an excellent diagnostic tool for aortic pathology because of its proximity to the aorta. It can delineate the anatomy of the aortic lesion with high resolution and detect blood flow. Information derived from TOE allows stent re-adjustments and may potentially result in less post-procedural perigraft leak. Its usefulness has been validated for aortic dissections 18, 19 . Large vessels (e.g. the intercostal vessels) can be visualized and inadvertent obstruction minimized. Use of Doppler to confirm exclusion of blood flow into the false lumen can also be done. Real time assessment of cardiac function intraoperatively will be useful especially in patients with significant cardiac disease. However, TOE can only be used for patients who are under general anaesthesia and may potentially be more time-consuming compared to aortography 20 . Cost and expertise of performing TOE is another issue to consider. In our series, TOE was employed to prevent occlusion of the coeliac trunk in a patient whose pathology approached the coeliac trunk.
The risk of neurological deficit after endovascular repair of thoracic aorta remains. The aetiology is multi-factorial, involving occlusion of critical intercostal arteries, perioperative hypotension as well as oxygen radical-mediated lipid peroxidation 21, 22 . The incidence was comparable to open surgery if patients who subsequently underwent open conversions and concomitant abdominal aortic aneurysm repair were included 21 . The risk is increased when longer stents were used 23 . Hence, use of shorter stents and deployment of stents away from the thoraco-lumbar spinal levels between T8 to L2 can theoretically reduce the risk of paraplegia 3 . Cerebrospinal fluid drainage (CSF) via a lumbar drain has been described to reverse neurological deficit after thoracic aneurysm repair 22, 24 . Maintaining spinal cord perfusion pressure with CSF drainage during and up to 48 hours following endovascular repair of thoracic aneurysms in high-risk patients was recommended by some authors 21 . Somatosensory evoked potential monitoring has been suggested to reduce adverse neurological complications 25 . Other treatment options described include the use of steroids. However, the effectiveness of pharmacological adjuncts to reduce ischaemia-induced neurological deficit in patients after endovascular repair remains to be determined 21 . Careful postoperative neurological examination is important and institution of CSF drainage on the first sign of deficit may potentially improve outcome 23 .
The incidence of renal impairment is lower in patients who have undergone endovascular stent graft surgery compared to open surgery 3 . Shorter procedure time and avoidance of cross clamping of the aorta with its associated ischaemic and reperfusion injury and hypotension, may contribute to a lower incidence of renal function impairment. Despite extensive studies with the use of mannitol, its value in preventing acute renal failure and radiocontrast nephropathy is not proven 26 . Adequate volume expansion, avoidance of hypovolaemia and use of non-ionic contrast medium are strategies currently used to minimize risk of postoperative renal failure. In our institution, the antioxidant N-acetylcysteine is also prescribed to patients identified to be at high risk of radiocontrast nephropathy 27 .
In general, most patients recover faster and need shorter ICU and hospital stay. Their analgesic requirements are also minimal. In our series, relatively small doses of short acting opioids and local anaesthetic infiltration were sufficient in the majority of patients. Minor complications like post-implantation syndrome can occur in up to 75% of patients. It is characterized by mild leukocytosis, elevated Creactive protein and moderately elevated temperature in the absence of an infectious cause. It is usually transient in course and responsive to non-steroidal anti-inflammatory drugs 3 .
Currently, data from medium term follow-up suggest an overall improvement in terms of morbidity and mortality even in treatment for acute dissection and rupture 28, 29, 30 . However there remains a small incidence of endoleak, delayed rupture and paraplegia 29 . Thus these patients have to be followed up regularly with CT scans to detect endoleak and any change in stent-graft position. In contrast, patients who had open surgical repair may not need such vigilant follow-up. Thus the long-term cost and efficacy of stent graft repair may not necessarily be superior to conventional techniques 31 .
CONCLUSION
Despite the ease of anaesthesia and perioperative management described in this paper, questions regarding the long-term results of patients with stent graft repair of thoracic aneurysms remain, although early results are promising. It is likely that with improvement in devices, delivery systems and safety measures, this technique will play an important role in the management of thoracic aneurysms and dissections in the future. In particular, rapid access to endovascular stent graft surgery for patients presenting with acute dissections or leaks may show significant benefits in patient outcome when compared with conventional open surgery.
